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The two speciﬁc 30-end processing reactions for genes tran-
scribed by RNA polymerase II (RNAP II) are transcript cleavage
and polyadenylation. In the yeast Saccharomyces cerevisiae, this
RNA processing is catalyzed by the multisubunit complexes CFIA
(Cleavage Factor IA) and holo-CPF (holo-Cleavage and Polyadenyla-
tion Factor). CFIA consists of Rna14, Rna15, Clp1 and Pcf11. Holo-
CPF consists of an APT (Associated with Pta1) subcomplex which
includes Pti1, Swd2, Syc1, Ref2, two protein phosphatases, Glc7
and Ssu72, and the Pta1 factor, which appears to be a scaffold that
bridges the APT subcomplex with core-CPF to form holo-CPF; these
complexes are conserved in yeast and mammalian cells [1–3]. Cou-
pling of transcription and RNA processing [4] is dependent on the
carboxy-terminal repeat domain (CTD) of the Rpb1 subunit of RNAP
II as reviewed in [5] and is mediated, in part, by Ssu72, which is a
CTD phosphatase with speciﬁcity for the serine-5-P of the CTD
[6,7] and Pcf11, which bridges the CTD to the nascent transcript [8].
Recent analyses estimate that 40–50% of human genes undergo
alternative polyadenylation [9,10], an important regulatory mech-
anism with implications in different types of illnesses [11,12]. In
plants it was recently shown that PCFS4, homologous to yeastchemical Societies. Published by E
rimidine
s).Pcf11, is a factor regulating FCA alternative polyadenylation in a
key step to regulate ﬂowering time [13,14].
Alternative 30-end RNA processing in S. cerevisiae is associated
with differential regulation of gene expression [15], these genes
including HIS3, which has 13 poly(A) sites [16], and SUA7, which
has two sites [17]. Among the regulated 30-end processing alterna-
tives there are genes as CBP1 and RNA14 where one or two trun-
cated transcripts are produced and end within the coding
sequence of longer transcripts [18], whereas the two SUA7 tran-
scripts are not truncated [17]. The apparently non-regulatory alter-
natives are where the alternative sites are separated by as few as
10–11 nucleotides in the ACT1 transcripts [19] or the seven vari-
ants of YPT1 30-end transcripts [20]. The Kluyveromyces lactis
KlCYC1 gene is transcribed in two mRNAs (1.14 and 1.5 kb) due
to alternative 30-end RNA processing at position 698 or 1092 of
the 30-UTR [21]. Transcript predominance is regulated by the
growth phase in K. lactis. We deﬁned the proximal and distal
30-UTR elements that encompass the two processing sites and both
regions are able to act as independent 30-end processing determi-
nants in K. lactis and S. cerevisiae [22]. The determinants of alterna-
tive KlCYC1 processing are conserved among yeast species since the
transcripts are polyadenylated at the same positions when ex-
pressed in both K. lactis and S. cerevisiae yeast species [21,22].
The yeast 30-UTR sequences, important in the determination of
yeast 30-end (single) processing, are basically ﬁve elements: e1
(AU-rich, efﬁciency element), e2 (A-rich, positioning element), e3
(T-rich), pyrimidine (Py)(A)n as the actual polyadenylation sitelsevier B.V. All rights reserved.
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genes with multiple transcripts, no cis deﬁned consensuses were
found, the common feature basically being the presence of multi-
ple AT-rich regions [18]. Regarding the processing machinery fac-
tors involved in alternative polyadenylation of non-truncated
transcripts, it has been recently demonstrated that overexpression
of Hrp1/Nab4 factor (belonging to CFI) is involved in yeast SUA7
alternative mRNA processing modulation [25]. However, its spe-
ciﬁc role in the cleavage and polyadenylation itself remains
unclear.
To study the role of different components of the RNA processing
machinery in yeast alternative processing selection, we character-
ized several alleles belonging to the CFI and holo-CPF complex
[5,2]. A further characterization of the Pta1 and Pcf11 roles and a
combined analysis with cis elements acting on KlCYC1 alternative
processing are also presented.2. Materials and methods
2.1. Yeast strains and growth conditions
Strains FY23 (MATa ura3-52 trp163 leu2-1) and FY1284 (MATa
pta1-2 ura3-52 ade8 his4-917) were described previously [26].
Strain POC8-23d (MATa pta1-1 ade2-1 leu2-D1 lys2 trp1-D101
ura3-52) was used as source of the pta1-1mutant allele [27]. Strain
XH6 (MATa ura3-52 leu2D1 trp1D63 his3D200 pta1::TRP1 [YC-
pLEU2-PTA1]) was disrupted at the chromosomal pta1 locus
(pta1::TRP1) [28] and contains a plasmid-borne PTA1 allele [29].
Strains carrying the pcf11-2 and pcf11-9mutant alleles were previ-
ously described [30]. All cells were grown at permissive tempera-
ture (30 C). The pta1-td degron strain XH-23 [6] and the
processing strains were kindly provided by M. Hampsey (RWJMS,
NJ) and C. Moore (Tufts University Medical School). To analyze
the effect of Pta1 levels in alternative processing, XH23 cells
expressing KlCYC1 were cultured at 25 C (time 0) and shifted to
37 C. Cell samples were taken at time 0 and after 30 and 60 min.
Collected cells were used for RNA and protein analyses. The S. cere-
visiae ZW13 strain was previously described [31]. Transformed
yeast cells were grown in synthetic complete media with the nec-
essary auxotrophies to maintain the plasmids, in all cases with glu-
cose as carbon source; media were prepared as in [32].
2.2. Northern analyses
Northern experiments were carried out according to Zitomer
and Hall [33]. Hybridization signals were quantiﬁed using the
Image-Quant program (Molecular Dynamics) and normalized with
respect to U3 RNA. The experiments and the mRNA quantitations
were performed a minimum of three times. The U3 probe was
prepared as in [21]. ACT1, CYC1 and SUA7 probes were prepared
by digestion of cloned versions using speciﬁc restriction enzymes.
The CBP1 probe (amplifying the coding region) was obtained
with oligos CBP1N: 50-TTTTACCTCGTCTCGTTCGGT-30 and CBP1C:
TAACGTTTGACAGCCGACACA using S. cerevisiae genomic DNA as
template. Normalization of mRNA signals: a double normalization
was performed for better comparison of the different mutants.
First, all transcripts were normalized with respect to U3. Secondly,
all signals were normalized with respect to the wild-type band (for
single transcripts) or with respect to the upper band in the wild-
type strain (for multiple processed transcripts).
2.3. Western blot
To analyze Pta1 levels in the Pta1 degron experiment, whole cell
yeast extracts were prepared (from the same cell culture as cells inthe Northern) as described previously [6]. Anti-HA was the anti-
body used to detect Pta1-td.
2.4. Site-directed mutagenesis
Speciﬁc mutations on KlCYC1 30-UTR were introduced using the
speciﬁc Stratagene QuickChangeTM site-directed mutagenesis kit.
The oligos were:
ossMUT1: 50-CTATGTACTACTATTCCAAGAATACCAAATTTTATG-
ATTATTTTTTTTTTTTTTAACAACTCTACTACTTCTATTATCAAC-30.
oSSMUT2: 50-GTTGATAATAGAAGTAGTAGAGTTGTTAAAAAAAA-
AAAAAATAATCATAAAATTTGGTATTCTTGGAATAGTAGTACATAG-30.
oSSMUT3: 50-CCAAGAATACCAAATTTTATGATTAATTTATTTATTT-
TTTAACAACT ACTTCTATTATCAACTCTTTCTTCTTCCTTTTATCTTAAC-
ACC-30.
oSSMUT4: 50-GGTGTTAAGATAAAAGGAAGAAGAAAGAGTTGA-
TAATAGAAGTAGTTGTTAAAAAATAAATAAATTAATCATAAAATTTGG-
TATTCTTGG-30. Plasmid pCT2 [21] was used as KlCYC1 template for
the site-directed mutagenesis experiments.
For the double mutant (M1 and M2) plasmid pM1M2 was
obtained by site-directed mutagenesis using the plasmid pM2 as
template and the oligos M1M2u: 50-CTATGTACTACTATTCCAAGAA-
TACCAAATTTTATGATTATTTTTTTTTTTTTTAACAACTACTTCTATTAT-
CAAC-30 and M1M2r: 50-GTTGATAATAGAAGTAGTTGTTAAAAAAA-
AAAAAAATAATCATAAAATTTGGTATTCTTGGAATAGTAGTACATAG-30.3. Results
3.1. Alternative pre-mRNA processing mutants in S. cerevisiae
To identify S. cerevisiae RNA processing factors involved in alter-
native processing of KlCYC1 30-UTR, we screened pta1 and pcf11,
mutants that had been transformed with the KlCYC1 gene [21].
Changes in relative predominance of KlCYC1 short and long tran-
scripts (1.14 and 1.5 kb, respectively) were analyzed. As shown
in Fig. 1A (lane 1), in the wild-type strain the longer KlCYC1 tran-
script is predominant, presenting a Long/Short (L/S) ratio (R) of
about 1.4. This ratio is clearly affected by the pta1-1 mutation,
which increases the predominance of the longer transcript from
1.4 to 4 (Fig. 1, lanes 1 and 2). The pta1 mutations gave low mRNA
levels in all the genes tested (Fig. 1), thus, this is considered a gen-
eral processing effect.
The two pcf11-2 and pcf11-9 mutant alleles enhanced the pre-
dominance of the proximal 30-UTR, resulting in a L/S transcript ra-
tio of 0.5 (Fig. 1A, compare lanes 3 and 4 with lane 1). The
reduction in the long KlCYC1 transcript signal in the two pcf11mu-
tants indicates the importance of Pcf11 for the selection of process-
ing elements in the KlCYC1 distal 30-UTR.
When analyzing an S. cerevisiae gene with alternative processing
(Fig. 1B), changes in the predominance of the two CBP1 (2.2 and
1.2 kb) transcripts are observed in the processing mutants, espe-
cially for the long transcript signal increase in the pta1-1 mutant
(compare the L/S ratio in lanes 1 and 2) and the opposite effect in
thePcf11mutants (compare L/S ratio from lanes 3and4with lane1).
In summary, the pta1-1 and pcf11-2 and pcf11-9 mutant alleles
cause changes in the relative predominance of KlCYC1 and CBP1
transcripts with respect to the wild-type, suggesting the involve-
ment of Pta1 and Pcf11 in the process of alternative cleavage and
polyadenylation-site selection.
3.2. The role of Pta1 and Pcf11 in alternative 30-end processing is
mediated by the AU-rich element in the KlCYC1 30-UTR
To deﬁne cis elements in KlCYC1 30-UTR, important in the
determination of alternative 30-end processing, the plasmid pM1
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683 of the 30-UTR (mutant M1, Fig. 2A); these mutations destroy
part of the putative AU-rich element upstream of the cleavage
and polyadenylation sites. Plasmid pM2 contains a deletion of
5 bp (positions 695–699, M2 in Fig. 2A). There is a remaining CA
at position 692 that may act as a putative cleavage point.
When these forms of KlCYC1 were expressed in S. cerevisiae
wild-type cells, there was a minimum effect on transcript predom-
inance, as shown in Fig. 2B (lanes 2 and 4). Mutation M1 caused a
slight increase in the KlCYC1 L/S ratio with respect to the wild-type
(compare lanes 1 and 2), while M2 caused a slight enhancement of
the shorter transcript with respect to the wild-type (lanes 1 and 5).We further asked if these mutations would also alter the pre-
dominance pattern when expressed in the RNA processing mu-
tants. As shown in Fig. 2B, the pta1-1 allele in combination with
mutation M1 caused an increase in the short transcript signal,
since the L/S ratio changed 2.5-fold (compare lanes 2 and 3). Inver-
sely, the KlCYC1 L/S ratio in M1 mutant expressed in pcf11-2 mu-
tant increased it up to 4 (Fig. 2, compare lanes 1 and 4). The
results for the pta1 and pcf11 mutant alleles tested show opposite
changes in transcript preference to those shown in Fig. 1 when the
mutants are expressing a wild-type UTR.
The deletion mutant (M2) expressed in a wild-type strain
caused a slight reduction in L/S ratio (Fig. 2B, compare lanes 1
2846 S. Seoane et al. / FEBS Letters 583 (2009) 2843–2848and 5), while pta1-1 or pcf11-2 strains (Fig. 2B, lanes 6–7) gave a
transcript predominance pattern similar to that observed in cells
expressing a non-mutated 30-UTR in Fig. 1A (lanes 1–3). We con-
sider the shorter size of the transcripts in the pta1-1 mutant as a
lane effect also extensive for U3.
In summary, the M1 30-UTR mutation partially suppresses the
effect of the pta1-1 and pcf11-2 mutations in alternative KlCYC1
transcript predominance. We conclude that Pta1 and Pcf11 are in-
volved in KlCYC1 30-UTR alternative processing through the se-
quences mutated in M1, the AU-rich element.3.3. The combination of M1 and M2 mutations abolishes both pta1-1
and pcf11-2 effects in alternative processing
To further characterize the interplay of M1 and M2 mutations
with pta1-1 and pcf11-2mutations, we constructed a third plasmid,
pM1M2, expressing KlCYC1 with the two mutations. As shown in
Fig. 2C, the double mutant expressed in a wild-type strain causes
a change in the L/S ratio, mainly from losing the proximal process-
ing position. More importantly, the double M1M2 mutant UTR
expressed in either pta1-1 and pcf11-2 mutants shows similar
expression pattern (Fig. 2C, compare lanes 2 and 3).
Therefore, the changes in predominance pattern of speciﬁc pro-
cessing factors and mutations shown in Fig. 2B are lost (compare
lanes 2–3 in Fig. 2C with lanes 3–4 or 6–7 in Fig. 2B).
From these results we conclude that Pta1 and Pcf11 are
involved in KlCYC1 alternative processing selection and their
combined function is mediated through the M1 and M2 elements.3.4. Pta1 levels are determinants of the preferent RNA processing
position
The pta1-1 mutation was previously characterized as a non-
sense mutation (pta1-1 ocre fragment) in the PTA1 coding region.
Zhao et al. [34] showed that despite this mutation, a small amount
of Pta1 proteins able to maintain cell viability remained. To deter-
mine if the changes in KlCYC1 transcript predominance were due to
changes in Pta1 levels, we used a degron-tagged Pta1-td strain that
results in a rapid depletion of Pta1. After a 60-min shift to 37 C,
there is a duplication of the KlCYC1 long transcript signal (compareKlCYC1LS
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Fig. 3. Effects of Pta1 depletion in alternative processing. (A) Effects on KlCYC1
transcript levels. R: Long/Short (L/S) ratio, to compare transcript predominance. (B)
Western blot analysis of HA-Pta1 levels in the Pta1-degron strain expressing wild-
type KlCYC1 30-UTR grown at 25 C or 37 C. C: Coomassie blue-stained gel is shown
as loading control.lanes 1 and 3, Fig. 3A) while the short transcript is slightly reduced.
These changes cause an almost threefold increase in the L/S ratio.
In Fig. 3B, the HA-Pta1 levels are shown as control. From the results
shown in Fig. 3, we conclude that Pta1 levels are important to
determine the preferent alternative polyadenylation position in
KlCYC1.4. Discussion
Alternative polyadenylation is an important step for the more
efﬁcient modulation of gene expression of speciﬁc genes in eukary-
otes [10,11,13,18]. The regulatory alternatives should then modu-
late processing according to cellular needs. An example of this is
KlCYC1, the gene encoding cytochrome c in the yeast K. lactis, which
has been used as model for regulated alternative RNA processing
studies in yeast since the predominance of KlCYC1 transcripts
changes as the growth curve progresses. Both the proximal and
distal 30-UTR elements of KlCYC1 may act as independent process-
ing regions expressed in K. lactis and S. cerevisiae. More speciﬁcally,
we were able to modulate the respiratory capability of a K. lactis
strain depending on the presence of the proximal or the distal 30-
UTR, showing the importance of 30-UTRs as regulatory elements
[22].
Herein we have shown that the KlCYC1 sequences mutated in
M1 are important to determine the preference in processing either
at the UTR proximal (position 698) or distal (position 1092) region.
This result shows that the sequences important in the mediation of
KlCYC1 alternative processing are located at the proximal 30-UTR
and indicates the complexity of this mechanism since the AU-rich
element is also acting at a distance of several hundred bases.
Different groups have described that mutations in the RNA pro-
cessing factors affect poly(A) choice. The involvement of Pcf11 [35],
Yhh1 [36], Ydh1 [37] and Rat1 [38] was studied in the gene ACT1,
where the alternative processing positions are separated by a few
nucleotides. The effects on RNA14 processing (with truncated alter-
natives) were shown in Ssu72 [28] and Npl3 [39] mutants. How-
ever, until recently [25] little was known about the factors
speciﬁcally involved in alternative 30-end selection in yeast genes
with regulated 30-end alternatives, or their possible interaction
with speciﬁc elements at the 30-UTR.
The results shown in Fig. 2 reﬂect the relevance of the mutation
in the AU-rich element (M1) combined with either the pta1-1 or
the pcf11-2 alleles as speciﬁc elements necessary for KlCYC1 alter-
native polyadenylation in S. cerevisiae. There is an interplay be-
tween the two processing mutants and the M1 UTR mutation, as
observed in the L/S ratio values. The opposite effects of pta-1-1
and pcf11-2 in processing predominance suggest a switch in the
processing machinery mediated by the AU-rich element and these
two factors. The double UTR M1+M2 mutant experiment (Fig. 2C)
shows the importance of combining these two proximal elements
in maintaining alternative processing and both Pta1 and Pcf11
selection. The Pta1 degron experiment shows that protein levels
are important in determining processing predominant position.
Kim Guisbert et al. [25] showed that overexpression of Hrp1
also has effects on SUA7 alternative processing. In a recent article
[40] Pta1 interactions were analyzed using GST pull-down assays.
Pta1 did not interact with Hrp1, thus, the pta1-1 effect in M1 is
probably not mediated by Hrp1. However, the same authors
showed that there was Pta1 interaction with Pcf11. This last yeast
factor is able to establish contacts with RNA as Zhang et al. [8]
showed by UV-crosslink. With this information it is reasonable to
assume the combined action of both factors in the selection of pro-
cessing preference. Moreover, we consider that other factors must
be involved in this mechanism and its regulation, depending on
cell needs.
Pta1, Pcf11
Proximal         Distal
KlCYC1
3´-UTR 
M1 M2
Fig. 4. Diagram showing the involvement of proximal 30-UTR elements (M1 and
M2) combined with Pta1 and Pcf11 in selecting the preference for alternative RNA
30-end processing. Dashed lines indicate interrogants in the model.
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[34,41–44]. It contains an N-terminal CID (CTD Interaction Do-
main) able to interact with serine-2-phosphorylated heptapeptide
repeats; the pcf11-9mutation affects CTD binding, however, muta-
tions in pcf11-2 (located downstream of the CID) do not [42]. Our
results on KlCYC1 expressed in the two mutants show similar L/S
ratios (Fig. 1A), suggesting that the alternative processing effect
of pcf11-2 and pcf11-9 does not depend on pcf11-CTD interactions.
The data presented reveal Pta1 and Pcf11 as two of the yeast
cleavage and polyadenylation factors involved in alternative RNA
processing selection. This novel function for Pta1 combined with
Pcf11 is mediated via the AU-rich element and the neighbor/neigh-
boring sequence mutated in M2, both present in the proximal re-
gion of KlCYC1 30-UTR (Fig. 4). The regulation of this mechanism
in yeast species and its coordination with transcription will be
the focus of future analyses.
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